We report here the first comprehensive seasonal study of benthic microbial activity in an Antarctic coastal environment. Measurements were made from December 1990 to February 1992 of oxygen uptake and sulfate reduction by inshore coastal sediments at Signy Island, South Orkney Islands, Antarctica. From these measurements the rate of benthic mineralization of organic matter was calculated. In addition, both the deposition rate of organic matter to the bottom sediment and the organic carbon content of the bottom sediment were measured during the same period. Organic matter input to the sediment was small under winter ice cover, and the benthic respiratory activity and the organic content of the surface sediment declined during this period as available organic matter was depleted. On an annual basis, about 32% of benthic organic matter mineralization was anoxic, but the proportion of anoxic compared with oxic mineralization increased during the winter as organic matter was increasingly buried by the amphipod infauna. Fresh organic input occurred as the sea ice melted and ice algae biomass sedimented onto the bottom, and input was sustained during the spring after ice breakup by continued primary production in the water column. The benthic respiratory rate and benthic organic matter content correspondingly increased towards the end of winter with the input of this fresh organic matter. The rates of oxygen uptake during the southern summer (80 to 90 mmol of 02 m-2 day-') were as high as those reported for other sediments at much higher environmental temperatures, and the annual mineralization of organic matter was equally high (12 mol of C m-2 year-'). Seasonal variations of benthic activity in this antarctic coastal sediment were regulated by the input and availability of organic matter and not by seasonal water temperature, which was relatively constant at between -1.8 and 0.5°C. We conclude that despite the low environmental temperature, organic matter degradation broadly balanced organic matter production, although there may be significant interrannual variations in the sources of the organic matter inputs.
The Antarctic region traditionally has been considered a region of high marine productivity, although that conception may have been distorted by measurements of high productivity rates during the short southern summers. Most workers consider the productivity of the Southern Ocean to be in the region of 16 g of C m-year-' (6, 11) , but the productivity of inshore waters may be much greater than this. The phytoplankton primary production of inshore waters at Signy Island, South Orkney Islands, has been shown to vaxy between 86 and 289 g of C m-2 year-1 (12, 30) in three different years. These values are comparable to production in rich upwelling areas, but there are large interannual variations (2) . In a stable system, production must be balanced by equivalent organic matter removal, either by degradation or by export. Antarctic marine and freshwater environments contain large and active populations of microflora which contain all the functional groups of microorganisms that occur in more temperate regions (5, 9, 10) , but there is comparatively little information about their dynamics or the budgetary significance of their activities (3, 4) .
In the inshore marine environment, bottom sediments are important sites of organic matter degradation and recycling of nutrients back to the water column (16, 20) . Organotrophic activity in marine bottom sediments is largely driven by oxic respiratory processes and by anoxic sulfate respiration * Corresponding author. (15, 28) . Some preliminary measurements to examine benthic microbial activity were made previously over a short summer period at Signy Island (21) . The present work was undertaken to examine and define the magnitude of the benthic activity which occurred in an inshore sediment at Signy Island over a complete annual cycle, to establish the range of seasonal changes in this activity and to try to determine whether production was approximately balanced by organic degradation.
MATERIALS AND METHODS
Sampling site. The work was carried out between December 1990 and February 1992 at the British Antarctic Survey Research Station on Signy Island (60°42'S, 45°36'W) in the South Orkney Islands. The sampling site was located in Factory Cove, just off the base, in 8 to 9 m of water. The bottom sediment is glacially eroded quartz-mica schist and has a dense infauna of amphipods throughout the year. The water temperature varied only between -1.8°C in winter and 0.5°C in the austral summer. The site has been described previously (21 6 ,000 x g. The porewater was passed through a glass-fiber filter (GF/C) and frozen at -20°C until analysis. Further sediment samples were used to measure sediment porosity.
Organic content of sediment. At each monthly sampling, replicate small vertical cores of sediment were taken over the 0-to 5-cm horizon with cut-off hypodermic syringes. The sediment was immediately frozen at -20°C and, when frozen, sectioned into depth slices (0 to 0.5, 0.5 to 1.0, and then every centimeter to 5 cm). The slices were weighed, dried at 60°C for 3 days, reweighed to determine dry weight, and then ignited in a muffle furnace at 500°C for 12 h. The organic content was estimated by loss on ignition and was expressed as ash-free dry weight (AFDW).
Further samples of slices of sediment were kept frozen at -20°C until returned to the United Kingdom. They were then thawed and acidified with dilute hydrochloric acid to remove any carbonate, and the organic carbon and nitrogen were measured in a carbon-nitrogen analyzer (Perkin-Elmer model 2400 CHN analyzer).
Downward fluxes of organic matter in the water column. The British Antarctic Survey has a long-running experiment with an array of sedimentation traps in inner Borge Bay, just outside Factory Cove. Each sedimentation trap comprises a 27-cm length of polypropylene pipe (internal diameter, 9 cm) held vertically in a moored collar suspended in the 20-mdeep water column at a 10-m depth. Initially, similar measurements of settlement rates were made with duplicate settlement traps within Factory Cove, but 6 months of data proved to be statistically indistinguishable from those of the traps just outside the Cove. The measurements within the Cove were therefore discontinued, and the data from Borge Bay traps were used.
Scuba divers recovered the traps at approximately monthly intervals but at fortnightly intervals during the phytoplankton bloom. (The material in the trap was not preserved in any way, and the flux estimate is probably, therefore, a conservative one.) Recovered trap contents were filtered through glass-fiber (GF/C) filters and dried to a constant weight at 60°C. Subsamples of the dried material were taken and frozen for subsequent analysis for organic carbon and nitrogen with a CHN analyzer (Perkin-Elmer model 2400). The remainder of the material was combusted at 500°C for 12 h, and the organic content (AFDW) was then measured.
RESULTS
Rates of oxygen uptake. Figure 1 illustrates the rates of 02 uptake by the bottom sediments. Seasonal variations were evident, rates of 02 uptake were low during the autumn (March to May), and declined even further to a constant low rate during winter. This trend was temporarily interrupted by a large increase at the beginning of June. Benthic 02 uptake increased at the end of winter when the ice started to melt and continued to increase after the ice breakup, as the phytoplankton bloom took off. The monthly measured rates of benthic 02 uptake were integrated with respect to time, and from February 1991 to February 1992, the total 02 uptake was 12.31 mol of 02 m-2 day-1. This was lower than the 24.5 mol m-2 year-1 previously estimated (21) , but the earlier estimate was extrapolated from summertime data and did not take account of the slower rates during winter.
Vertical profiles of 02. The measurements of profiles of DO in the sediments showed that 02 disappeared below a depth of 2 to 3 mm. There were no measurable seasonal changes in the depths of penetration of 02 into the sediment.
Rates of sulfate reduction. Rates of sulfate reduction in the top 5 cm of sediment were similar whether measured from vertical hypodermic samples over the 0-to 5-cm layer or from integration with depth of samples from the 0-to 5-cm horizons of large vertical cores. When the monthly samples were integrated with time over 1 year, the results from the vertical hypodermic samples gave 1.29 mol of s042-m-2 year-', while integration of the 0-to 5-cm horizons from the large vertical cores was 1.31 mol of So42-m-2 year-'. In comparison, integration of the data over the 0-to 5-cm depths, and with respect to time, yielded a value of 2.01 mol of S042 m-2 year-', indicating that 64% of the sulfate reduction in the 0-to 15-cm layer occurred within the top 5 cm. This confirmed previous data (21) that rates of sulfate reduction decreased rapidly below a depth of 5 cm. Figure 2 shows the rates of sulfate reduction in the most active 0-to 5-cm-deep layer. The rates of sulfate reduction were initially low during January to March 1991 and then increased during winter after ice formation, indicating increasing sulfate reduction activity through the winter.
Organic content of sediment. Figure 3 illustrates the content of organic matter (AFDW) throughout the study period. There was significant seasonal variation in organic matter in the top 0-to 0.5-cm slice, consistent with seasonal changes in the input of organic matter to the bottom sediment from both settlement and in situ benthic primary production. This seasonal variation was damped in the 0.5-to 1-cm layer (data not shown) and was not detectable in the 1-to 2-cm layer, where the organic matter content was essentially constant throughout the year (Fig. 3) . The total annual variation in organic carbon in the sediment was determined by converting the organic content (AFDW) to equivalent organic car- Assuming that in a stable ecosystem there is a long-term balance in the organic matter input and removal, the decrease in organic content between May 1991 and October 1991 permitted a minimum estimate of organic matter input and degradation. To this was added the input of organic matter shown by the peak of sedimentary organic matter content after ice formation between May 1991 and the end of June 1991. For the 0-to 0.5-cm layer total annual variation of organic carbon was equivalent to 5.13 mol of C m-2 year-1, and that for the 0.5-to 1-cm layer was equivalent to 5.43 mol of C m-2 year-'. Thus, on the basis of this seasonal variation in the sediment organic carbon content, a total of 10.6 mol of C m-2 year-1 was input and then degraded in the top 0-to 1-cm horizon of sediment during the course of a year. The input of organic carbon measured in this way would include both organic matter deposition and in situ benthic production. Downward flux of organic matter. Figure 4 shows the downward fluxes of organic carbon (expressed as log milligrams of organic matter [AFDW]) measured in the sediment traps from April 1989 to February 1992. The minimum fluxes were detected during September of each year, towards the end of the period of ice cover. The downward flux of organic matter then increased during the latter part of winter, before the ice broke out in the spring, as the ice started to melt and to deposit ice algae into the water column. The end of the 1991 winter was unusual in that the ice completely melted in situ with a consequent large flux of ice-algal biomass to the sea bed. In normal years, the ice usually breaks away before it melts completely, leading to significantly less input of organic material to the coastal zone. The organic deposition rate continued to increase as the phytoplankton bloom took off after the ice had disappeared, peaking in late summer. When integrated with respect to time, and by using the measured organic carbon contents of the trapped dry matter, annual organic carbon inputs of 32.9 mol of C m-2 year-' for September 1989 to August 1990 and 16.5 mol of C m-2 year-1 for September 1990 to August 1991 were obtained.
Our data clearly show the extreme seasonality of processes in the Antarctic coastal environment during the short Antarctic summer, and their interannual variability. The limitation of primary production during winter was emphasized by the negligible settlement rates of organic matter during this time, although an ice algae community developed on the underside of the ice where light was at higher intensity than in the water column (14, (23) (24) (25) 29) . Melting of the sea ice, with the deposition of ice algae biomass into the water column, contributed the first input of new organic carbon into the coastal ecosystem towards the end of winter and may also seed the water column with algae (13, 14) . This is illustrated by the increased settlement rates of organic matter (Fig. 4) and the increased organic content of the surface layer of sediment (Fig. 3) (12, 14, 30) that phytoplankton production in the water column generally does not take off until light intensities in the water column increase after the ice cover has disappeared. After the ice had disappeared, the developing phytoplankton bloom further increased the deposition rate of organic matter through the water column to its peak in midto late summer.
During winter, there was a general decrease in organic deposition rates after formation of the ice cover as primary production became light limited (8) . However, immediately after ice formation, the decreased turbulence in the water column permitted rapid settlement of particulate material, reflected in the sharp increase of the organic content of the surface sediment during May and June 1991 (Fig. 3 ). There were marked seasonal changes in the organic content of the 0-to 0.5-cm layer of sediment, although the seasonal variation was damped with increased depth in the sediment and was not visible below 1 cm. The surface layer of sediment was bioturbated by a dense amphipod community, with smaller numbers of the bivalve Mysella charcoti Lamy, at the study site. These were largely restricted to the surface 0-to 1-cm layer of sediment. Deposited organic matter was, therefore, rapidly mixed into the top 1 cm of sediment but not below this depth, thus leading to damping of the seasonal response. Maximum sedimentary organic content was detected during late summer, coincident with maximum organic matter settlement rates, and then declined during autumn, when settlement rates decreased. The organic content of the surface sediment continued to decline during winter, as it was presumably mineralized by the benthic biota, and increased again only in November 1991, coincident with the input of fresh organic matter from settling ice algae.
Input of organic matter to the bottom sediments occurred through settlement of organic detritus through the water column and by in situ benthic primary production. Estimates of organic matter deposition from changes in the sedimentary organic content would include the contribution from both deposition and in situ benthic production. We did not have an independent measure of benthic production during APPL. ENvIRON. MICROBIOL. our program, but we would expect it to be small relative to either ice algal or water column production. Primary production is light limited, and rates of production must be greater in the overlying water column or ice layer where light intensities are greater. Gilbert (7, 8) measured benthic production during 1987 and 88 in Factory Cove and showed that it was negligible during winter when ice cover drastically reduced light reaching the bottom sediment but estimated that benthic production was equivalent to 8.4 mol of C m-2 year-1 during the summer of 1987-1988. This estimate of benthic production may not be particularly significant in relation to our estimates of annual budgets, as it was carried out in a different year. There was early breakout of sea ice during that season, which would have tended to increase the relative importance of benthic production in that year. Also, it was based on extrapolation of only two measurements of benthic production during the summer, and its accuracy may be limited.
Assuming that all sulfide was reoxidized within the surface layers of sediment and thus contributed to 02 uptake, the annual 02 uptake suggested that 12.3 mol of organic carbon m-2 year-' was mineralized both aerobically and anaerobically. Annual sulfate reduction (0 to 15 cm) was 1.99 mol of S042-m-2 year-', equivalent to 3.98 mol of C m-2 year-1, indicating that 32% of the total organic mineralization occurred anoxically by sulfate reduction. When the percentage of the organic matter mineralization which was driven by sulfate respiration was calculated for each month throughout the year, an interesting seasonal trend was seen (Fig. 5 ). An increasing rate of sulfate reduction and a decreasing rate of 02 uptake during the winter meant that the proportion of the organic mineralization which was driven by sulfate reduction increased throughout the winter, during the period when the overall rates of organic mineralization were decreasing. This probably reflected the progressive burial of available organic matter by benthic bioturbation from the sediment surface down into the anoxic sediment below a depth of 2 to 3 mm. Lack of further organic input during winter depleted the amount of available organic carbon in the surface sediment and hence diminished the relative significance of aerobic Table 1 shows all available estimates of water column primary production, benthic primary production, organic matter settlement, and benthic mineralization at Signy Island, albeit during different years. Interannual variation is high, as indicated wherever data sets are available which extend over several years. The settlement trap data (Fig. 4) show that for the two complete seasons sampled, the downward flux of organic carbon was equivalent to 32.9 mol of C m-2 year-1 in 1989-1990 but less than half of this (16.5 mol of C m-2 year-') in 1990-1991. Water column primary production varied >threefold for the annual estimates available.
A critical factor in determining the sources of the annual input of organic matter to the inshore bottom sediments may be whether the sea ice melts in situ, depositing the ice algal biomass, or whether the ice breaks up and is carried away by wind and current so that the organic biomass is deposited outside the coastal zone. Horner and Schrader (14) have suggested that in Arctic waters the ice algae are the single most important source of organic matter, so the site of its deposition is important. The time of the disappearance of ice will also be critical, as water column primary production will generally not take off until the ice has disappeared, and the seasonal phytoplankton production may be regulated to some extent by the duration of the summertime period of There may be a trade-off here, however, as early breakout of ice and export of ice algal biomass may be compensated for by an earlier phyoplankton bloom and/or benthic primary production (and vice versa). Thus, it is possible that for any particular coastal site, the annual organic matter input from all sources (ice algal production, phytoplankton production, and benthic primary production) is more constant than the interannual variability of one input component might suggest.
Benthic activity in this inshore Antarctic sediment is equal to that measured in sediments in temperate and subtropical regions which experience consistently higher temperatures. Table 2 compares the annual rate of benthic 02 uptake at Signy Island with other examples reported in the literature. Maximum daily rates are greater than some reported for tropical mangrove swamps at temperatures 30°C higher. The extreme seasonality of these Antarctic sediments, despite the essentially constant low water temperature, emphasizes that benthic activity is not limited by low temperature but rather by the seasonal availability of organic matter. The short intense input of organic matter ensures an immediate and strong seasonal response of benthic activity during spring and summer, but there is a net consumption of organic matter during the winter. Thus, the annual amount of organic matter degradation in the sediments may not be as greatly in excess of other environments as the summer rates might indicate.
